Abstract Terpinolene (TPO) is a monocyclic monoterpene found in the essential oils of various fir and pine species. Recent reports indicated that several monoterpenes could exhibit antioxidant effects in both human and animal experimental models. However, so far, the nature and/or biological roles of TPO have not been elucidated in human models yet. The aim of this study was to investigate the genetic, oxidative and cytotoxic effects of TPO in cultured human blood cells (n = 5) for the first time. Human blood cells were treated with TPO (0-200 mg/L) for 24 and 48 h, and then cytotoxicity was detected by lactate dehydrogenase (LDH) release and [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay, while DNA damage was also analyzed by micronucleus assay, sister chromatid exchanges assay and 8-oxo-2-deoxyguanosine (8-OH-dG) level. In addition, biochemical parameters [total antioxidant capacity (TAC) and total oxidative stress (TOS)] were examined to determine oxidative effects. The results of LDH and MTT assays showed that TPO (at concentrations greater than 100 mg/L) decreased cell viability. In our in vitro test systems, it was observed that TPO had no genotoxicity on human lymphocytes. Again, TPO (at 10, 25, 50 and 75 mg/L) treatment caused statistically important (p \ 0.05) increases of TAC levels in human lymphocytes without changing TOS levels. In conclusion, TPO can be a new resource of therapeutics as recognized in this study with its non-genotoxic and antioxidant features.
Introduction
Essential oils are aromatic oily liquids obtained from plant materials (flowers, buds, seeds, leaves, roots, etc.) (Van de Braak and Leijten 1999; Prabuseenivasan et al. 2006) . Monoterpenes are found in essential oils of plants of some fruits, vegetables and herbs (Loza-Tavera 1999) . Essential oils and their monoterpenes were effective in the treatment of some diseases such as seizures, epilepsy, gastric ulcer, bone resorption and osteoporosis (Mühlbauer 2002; Al-Bayati 2008; Rozza and Pellizzon 2013) . Monoterpenes have long been investigated for their biological activities anticancer (Yeruva et al. 2010) , antimicrobial (Saddiq and Khayyat(Archana et al. 2011), anti-inflammatory (da Rocha et al. 2013) , insecticidal (Lee et al. 2010) , and more recently antioxidant (Costa et al. 2012) activity.
Antioxidants are important compounds that inhibit or delay the oxidation of other molecules by inhibiting the initiation or propagation of oxidizing chain reactions. A variety of synthetic antioxidants like butylated hydroxyanisole, butylated hydroxytoluene, and tertbutylhydroquinone are commonly used within the food industry although restrictions on the use of synthetic antioxidants are being imposed because of their toxicity (Grice 1986; Wichi 1988; Luo et al. 2010) . Much attention has recently been focused on the development of safe and effective antioxidants (Choi et al. 2000) , because toxic free radicals play a role in the etiology of many disorders including neurodegenerative and cardiovascular diseases (Lorgis et al. 2010; Dumont and Beal 2011) , diabetes (Giacco and Brownlee 2010) and certain cancers (Ziech et al. 2010) . Therefore, the development and utilization of more effective and less harmful antioxidants of natural origins are reported to be very desirable (Luo et al. 2010) .
Nowadays, extensive efforts are made to investigate therapeutic substances capable of reducing the genotoxicity of various natural and man-made genotoxicants in human life. These include vitamins, fatty acids, lichen, plant extract and antibody (Turkez and Geyikoglu 2010; Turkez 2011a, b, 2012; Turkez et al. 2012a, b, c, d, e; Dirican et al. 2012) . Terpinolene (TPO) is a monocyclic monoterpene found in the essential oils of various fir and pine species, as well as plants such as Manilla elemi, Nectranda elaiophora and Dacrydium colensoi (Burdock 1995; Brauss et al. 1999) . TPO may also be vaporized from some terpene-based cleaners, perfumes and air fresheners (Ma and Marston 2009 ). Blood and liver tissues are the main targets for exogenous materials for toxicity evaluations. Blood cells are potentially vulnerable as the highest significantly adverse effects from environmental agents reach other tissues through body fluids. Moreover, studies on cultured cells have shown that the human peripheral blood lymphocyte is an extremely sensitive indicator of both in vivo and in vitro induced chromosome structural changes (Lerda et al. 2005) . And in contrast to separated erythrocytes whole blood represents an independent physiological compartment with functions of host defence and regulatory functions against cell damaging effects produced by oxidative stress (Hadnagy et al. 2003) . The aim of this investigation was to determine its safety profile in vitro, using peripheral blood samples of healthy human donors. So, in our present study, we examined the effects of TPO on the viability of cells on cultured human blood cells (by LDH and MTT assays). We also evaluated the role of TPO on antioxidant capacity (by TAC and TOS analysis) and DNA damage [by micronucleus (MN), sister chromatid exchanges (SCE) rates and 8-oxo-2-deoxyguanosine (8-OH-dG levels)] after TPO-treatment in cultured human blood cells.
Materials and methods

Blood sampling
Whole heparinized human blood from five healthy non-smoking male donors between the ages 22 and 25 was used in our experiments. Questionnaires were obtained for each blood donor to evaluate exposure history, and in addition, informed consent forms were signed by each donor. In all the volunteers involved in this study, hematological and biochemical parameters were analyzed and no pathology was detected. Approximately, 20 mL of blood was collected, by venipuncture, into syringes containing sodium heparin as anticoagulant. Blood was taken the same day of the initiation of the experiment between 9.00 and 9.30 am to minimize possible confounding effects of dietary factors. Human peripheral blood lymphocyte cultures were set up according to a slight modification of the protocol described by Evans and O'Riordan (1975) . The heparinized blood (0.5 mL) was cultured in 5 mL of culture medium (Chromosome Medium B, Biochrom Ò , Berlin, Germany) with 5 lg/mL of phytohemagglutinin (Biochrom Ò ). Various concentrations (0, 10, 25, 50, 75, 100, 150 and 200 mg/L) of TPO (C 10 H 16 , CAS No. 586-62-9; Sigma-Aldrich Ò , St Louis, MO, USA) were tested in blood cultures. The doses were selected according to previous studies (Zhou et al. 2004; Yu et al. 2008; Buyukleyla and Rencuzogullari 2009; Aristatile et al. 2011; Aydin et al. 2013) . Experiments conformed to the guidelines of the World Medical Assembly (Declaration of Helsinki). The cultures without extracts were studied as control -group. Mitomycin C (10 -7 M) was used as the positive control in MN, SCE and 8-OH-dG assays.
Likewise, ascorbic acid (10 lM) and hydrogen peroxide (25 lM) were also used as the positive controls in TAC and TOS analysis, respectively. 
Cell viability assay
The human blood cells were seeded in 48-well plates. Cells were incubated at 37°C in a humidified 5 % CO 2 /95 % air mixture and treated with TPO at different concentrations (0, 10, 25, 50, 75, 100, 150 and 200 mg/L) for 24 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) substrate solution was used according to the manufacturer's instructions (Cayman Chemical Company Ò ). Briefly, MTT was added to the cell cultures for 3 h. Formed formazan crystals were dissolved in dimethyl sulfoxide (Sigma-Aldrich Ò ), and the plates were analyzed using Microquant reader at 570 nm wavelength.
Cytogenetic assays
Human blood cells (0.5 mL) were placed in culture tubes and treated with 10, 25, 50, 75, 100, 150 and 200 mg/L of TPO. A total of 6 mL of cell medium (Chromosome Medium B, Biochrom Ò ) with phytohemagglutinin was used. The MN test was performed by adding cytochalasin B (Sigma Ò ; final concentration of 6 lg/mL) after 44 h of culture as previously described by Fenech and Morley (1985) . At the end of the 72 h incubation period, after hypotonic treatment (0.075 M KCl) followed by three repetitive cycles of fixation in methanol/acetic acid solution (3:1, v/v), centrifugation, and resuspension, the cell suspension was dropped onto chilled, grease free microscopic slides, air-dried, aged, and then differentially stained for the inspection of micronuclei rate according to fluorescence plus Giemsa (FPG) (Sigma Ò , Munich, Germany) procedure (Perry and Wolff 1974) . The criteria for scoring micronuclei were as described by Fenech (1993) . At least 1,000 binucleated lymphocytes were examined per concentration for the presence of one, two, or more micronuclei.
In order to provide successive visualization of sister chromatid exchanges (SCEs), 5-bromo-20-deoxyuridine (Sigma Ò ; final concentration of 10 lg/mL) was added after culture initiation. At exactly 70 h and 30 min after beginning incubations, colcemid (Sigma Ò ; final concentration of 10 lg/mL) was added to the cultures. After hypotonic treatment (0.075 M KCl) followed by three repetitive cycles of fixation in methanol/acetic acid solution (3:1, v/v), centrifugation, and resuspension, the cell suspension was dropped onto chilled, grease free microscopic slides, air-dried, aged, and then differentially stained for the inspection of SCE rate according to fluorescence plus Giemsa (FPG) procedure (Perry and Wolff 1974) . For each treatment condition, 25 well-spread second division metaphases were scored by a single observer (E. Aydin), and the values obtained were calculated as SCEs per cell.
Nucleic acid oxidation DNA oxidation was determined by measuring the intracellular amount of 8-OH-dG adducts. DNA was digested by incubation with DNAase I, endonuclease, and alkaline phosphatase (Schneider et al. 1993) . The amount of 8-OH-dG was measured by high performance liquid chromatography (HPLC) with electrochemical detection as described previously ).
Total antioxidant capacity and total oxidant status analysis
Since the measurement of different oxidant molecules separately is not practical and their oxidant effects are additive, the total oxidant status (TOS) of a sample was measured named total peroxide (TP), serum oxidation activity (SOA), reactive oxygen metabolites (ROM) or some other synonyms (Erel 2005) . The automated Trolox equivalent total antioxidant capacity (TAC) and TOS assays were carried out in plasma samples obtained from blood cultures for 2 h by commercially available kits (Rel Assay Diagnostics Ò , Gaziantep, Turkey) (Erel 2004) .
Statistical analysis
Statistical analysis was performed using SPSS software (version 13.0, SPSS, Chicago, IL, USA). The Duncan's test was used to determine whether any treatment significantly differed from controls or each other. Statistical decisions were made with a significance level of 0.05.
Results
Cell membrane damage was reflected by LDH levels in the cell medium after TPO exposure for 24 and 48 h. Figure 1 indicates that TPO induced significant increase of cytotoxicity in a time-and dose-dependent manner on cultured human blood cells. LDH enzyme activity in the supernatant increased as the number of dead cells (or cells with damaged plasma membranes) increased and thus, the number of viable cells decreased.
The MTT assay, a colorimetric method of determining cell viability, was used to assess the cytotoxicity activity of TPO. A typical concentrationresponse curve for TPO of cultured human blood cells obtained with the MTT assay is shown in Fig. 2 . No significant change in the cell viability was observed after treatment with concentrations below 150 mg/L TPO for 24 h. However, when cells were treated with 150 and 200 mg/L TPO for 24 h, the number of viable cells significantly decreased compared to control.
The frequency of MN and SCE on human peripheral blood lymphocyte treated with TPO are given in Table 1 . TPO did not induce significant (p \ 0.05) increases in MN and SCE for any dose. However, represents mean ± SD of five experiments; means in the figure followed by different letters present significant differences at the p \ 0.05 level) Fig. 2 Cytotoxic effect of TPO on human blood cells (Control: whole blood without terpinolene. Each value represents mean ± SD of five experiments; means in the figure followed by different letters present significant differences at the p \ 0.05 level) Mitomycin C, which was used as a positive control, also caused the expected large increases on human peripheral blood lymphocyte compared to the control -group (Fig. 3) .
The formation of 8-OH-dG in human lymphocytes exposed to all concentrations of TPO is presented in Fig. 4 . All concentrations of TPO did not lead to any increase or decrease of 8-OH-dG levels in human lymphocytes. Table 2 provides an overview on oxidant/antioxidant status of TPO in human whole blood cells. It is apparent from Table 2 that 100 and 150 mg/L concentrations of TPO did not lead to any alterations in the TAC levels while 10, 25, 50 and 75 mg/L of TPO treatments caused significant increases of TAC levels in cultured human blood cells as compared to control value. Also, TPO caused significant decreases of the TAC levels at the highest concentration (at 200 mg/L). On the other hand, the TOS levels increased at 150 and 200 mg/L doses of TPO in cultured human blood cells. However, TPO did not change the TOS levels in cultured human blood cells at doses lower than 150 mg/L.
Discussion
Terpinolene and other monoterpenes are lipophilic and are highly soluble in blood (Falk et al. 1990 ). As a matter of fact, inhaled monoterpenes by humans and animals are absorbed almost entirely in the lungs and then delivered to the liver, where they are completely metabolized by detoxification enzymes (Igimi and Nishimura 1974; Foley et al. 1987; Boyle et al. 1999 Boyle et al. , 2000 . Also, specifically, a single study on the distribution of orally administered limonene, a monoterpene similar to TPO, suggested that monoterpenes are highly absorbed in the intestine (Igimi and Nishimura 1974) . Although there is no information about metabolites of TPO in literature, limonene, which is a monoterpene similar to it, is metabolized to oxidized metabolites in rats and in humans (Crowell 1999) . In rats, serum metabolites of limonene are perillic acid and dihydroperillic acid (Crowell et al. 1992) . Humans produce limonene-1,2-diol in addition to these two serum metabolites (Crowell et al. 1994 ). On the other hand, glycine and glucuronide conjugates of perillic acid and uroterpenol (p-mentha-8,9-diol) have been detected in the urine of many limonene-fed mammals (Kodama et al. 1976; Regan and Bjeldanes 1976) . Yeruva et al. (2007) reported that perillic acid elicited dose-dependent cytotoxicity, induced cell cycle arrest and apoptosis with increasing expression of bax, p21 and caspase-3 activity in non small cell lung cancer (NSCLC, A549, and H520) lines. Again, perillic acid reduced DNA damage in bone marrow of mice exposed to gamma radiation (Pratheeshkumar et al. 2010 ).
The interactions in human body of natural products are one of the most crucial issues in pharmacotherapeutic safety. TPO is used as a synthetic food flavoring additive or fragrance enhancer, some terpene-based air fresheners, perfumes and cleaners. Thus, it has high potential for human exposure (Ma and Marston 2009; Okumura et al. 2012) . In the present study, we evaluated the cytotoxic effects of TPO on cultured human blood cells via LDH and MTT assays for the first time. We demonstrated that TPO significantly increased LDH levels on cultured human blood cells in a time and dose-dependent manner. LDH is a stable cytoplasmic enzyme in serum as a biological indicator for increased cellular damage (Park et al. 2010) . Cell death leads to a rise in the concentration of the LDH enzyme in serum and tissues. LDH released into the medium provides an index of cell death and membrane permeability to LDH and an increase in LDH activity in the medium occurs as a result of cell membrane disintegration and enzyme leakage (Yokogawa et al. 2004 ). In addition, cytotoxicity, the degree to which a chemical can cause cell damage, is assessed in this study by the means of MTT assay. Overall, TPO (at 150 and 200 mg/L) significantly decreases (p \ 0.05) the viability of human blood cells. There is no study in literature about the cytotoxic effects of TPO. Therefore, we have discussed the cytotoxic effects of other monoterpenes. Consistent with our finding, MTT assay indicated that the viabilities of human epithelial prostate, Vero monkey kidney and human fetal fibroblast cells were significantly decreased after monoterpenes (such as d-limonene, a-pinene, myrcene, linalool and stylosin) treatment (Silva et al. 2007; Rabi and Bishayee 2009; Rassouli et al. 2011) . Fig. 4 8-OH-dG adducts in cultured human blood cells maintained 72 h in the presence of TPO (Positive control: mitomycin C (10 -7 M). Negative control: whole blood without terpinolene. Each value represents mean ± SD of five experiments; means in the figure followed by different letters present significant differences at the p \ 0.05 level) The exact mechanisms of the cytotoxic action of TPO are not known, but oxidative stress is thought to be the main responsible mechanism in its cellular toxicity. In addition to oxidative stress, previous studies reported that different mechanisms have been linked to cytotoxicity of plant products including (1) proteasome inhibition, (2) topoisomerase inhibition, (3) inhibition of fatty acid synthesis, (4) accumulation of p53, (5) induction of cell cycle arrest, (6) inhibition of phosphatidyl-inositol 3-kinase, (7) inhibition of cyclin D1 gene and (8) enhanced expression of c-fos and c-myc (Constantinou et al. 1995; Lepley et al. 1996; Plaumann et al. 1996; Agullo et al. 1997; Zhou et al. 1997; Chen et al. 1998 Chen et al. , 2005 Bienvenu et al. 2001; Kazi et al. 2004; Brusselmans et al. 2005; Shimura et al. 2012 ). According to this study, there is considerable evidence that TPO is non-genotoxic in lymphocytes. The results obtained through the present study did not indicate any significant increases in the ratios of the MN and SCE in lymphocytes exposed to TPO as compared to control values. In fact, MN assay provides a measure of both chromosome breakage and chromosome loss or non-disjunction in clastogenic and aneugenic events, respectively (Karaman et al. 2009 ). And damaged DNA can lead to aneuploidy and/or chromosomal instability, which is believed to be major contributor to tumor progression (Erol 2010) . SCE is a sensitive indicator of chromosome (DNA) instability, since the SCE patterns can reveal general genome instability (Konat 2003 ). An even closer parallel to our findings is provided by the work of Slamenova et al. (2011) who have recently found that chromosomal aberration assay (CA) in rat primary hepatocytes did not testify any genotoxic activity of carvacrol and thymol. Again, Turner et al. (2001) reported that limonene, which is a monoterpene, did not exhibit genotoxic effects in male Big Blue rats. In another study, it was determined that bmyrcene, a-terpinene, and (?) and (-)-a-pinene are not genotoxic in the Salmonella/microsome assay (TA100, TA98, TA97a and TA1535 tester strains) (Gomes-Carneiro et al. 2005) . In contrast to our findings, a previous study reported that d-carvone can induce exchanges in sister chromatid exchanges and chromosomal aberrations in Chinese hamster ovary cells (National Toxicology Program, 1990 ). 8-OH-dG is a major product of oxidative DNA damage and as such is regarded as a useful and relevant marker for cellular oxidative stress, particularly with respect to carcinogenesis (Breimer 1990; Halliwell 1999) . In our investigation, it was determined that TPO did not change significantly 8-OH-dG levels as compared to control value.
To appraise the antioxidative activity of TPO, TAC and TOS assays were performed in this study. TPO (at concentrations of 10, 25, 50 and 75 mg/L) led to increases of TAC level. As a matter of fact, Bourgou et al. (2012) reported that TPO showed antioxidant activity by using 2 0 ,7 0 -dichlorofluorescein diacetate (DCFH-DA) assay in normal human skin fibroblast (WS1) cells. Recent studies also demonstrated that TPO was also reported to have antioxidant properties by 2,2-diphenyl-1-picrylhydrazyl (DPPH), hexanal/ hexanoic acid assay, thiobarbituric acid reactive species (TBARS), b-carotene agar diffusion methods (Dorman et al. 2000; Ruberto and Baratta 2000; Kim et al. 2004; Grassmann et al. 2005; Mohamed et al. 2010) . In an in vivo study, Costa et al. (2012) reported that cyano-carvone (at 25, 50 and 75 mg/kg) showed antioxidant activity by a decrease in the level of lipid peroxidation in mice hippocampus. On the other hand, TPO (at concentrations below 150 mg/L) did not lead to any alterations in TOS levels while a treatment with 150 and 200 mg/L of TPO caused significant increases of TOS levels in cultured human blood cells as compared to control value.
In the light of the findings obtained in the present study, it is suggested that TPO had no genotoxic effects on human lymphocytes. Furthermore, TPO exhibited antioxidant properties due to the applied dose added to the cultures. So, the TPO has the potential of being utilized as novel bio-resource for naturally occurring anti-oxidant therapies when used in low concentrations. However, the dose should be carefully adjusted since it is both an ingredient of functional foods and used for pharmaceutical purposes.
